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(54) Charged-partide beam irradiation apparatus, charged-particle beam rotary irradiation 
system, and charged-particle beam irradiation method 

(57) Provided is a charged-particle beam irradiation 
apparatus capable of realizing spot-scanning in which 
the spot of a beam parallel to the axis of incidence 
thereof is shifted in two axial directions within a radiation 
area, and having a compact and lightweight design. 

A pair of scanning electromagnets 33 and 35 that 
are linked by linkage frames 45 and 47 and generate a 
scanning field composed of a pair of magnetic fields 
effective in bending a charged-particle beam 31 by the 
same angle in mutually opposite directions are rotated 
by a rotary driving gear 53 having the scanning electro- 
magnets mounted thereon and motors 49a and 49b. 
Thus, spot scanning in which the spot of a beam parallel 
to the axis of incidence thereof is shifted in two axial 
directions can be realized. 
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Description 

BACKGROUND OF THE INVENTION 

1 . Field of the Invention s 

[0001 ] The present invention relates to a charged-par- 
tide beam irradiation apparatus, a charged-partide 
beam rotary irradiation system, and a charged-partide 
beam irradiation method which are adapted to a thera- io 
peutic apparatus using a charged-partide beam or the 
like. 

2. Description of the Related Art 

15 

[0002] Fig. 1 6 shews an example of a charged-partide 
beam rotary irradiation system that is a conventional 
therapeutic apparatus using a charged-particle beam 
disclosed in. for example, a report written by Pedroni of 
Switzerland (Medical Physics, Vol. 22, PP37-53). 20 
[0003] In the drawing, there are shown a charged-par- 
tide beam rotary irradiation system 100, a partide 
accelerator 1, a transporting electromagnet 3, an 
energy degrader 5. a proton beam 7. a beam stopper 9, 
a rotating gantry 10. deflective electromagnets 11.13. 25 
and 19, convergent electromagnets 15. a scanning 
electromagnet 1 7. an energy degrader 21 . a dose/posi- 
tion monitor 23, a patient 25. a radiation table 27. and 
an axis of rotation of the gantry 29. 

[0004] A proton beam generated by the accelerator 1 30 
is transported by the transporting electromagnet 3, 
passed by the energy degrader 5 serving as an initial- 
stage energy changing means, and tiius recomposed 
into a proton beam 7 having given energy level. The 
proton beam 7 is deflected upward from a horizontal 35 
direction by tiie first deflective electromagnet 1 1 , and 
then returned to the horizontal direction by the deflec- 
tive electromagnet 13. 

[0005] The proton beam 7 is converged by the conver- 
gent electromagnets 15, and swept vertically by the 40 
scanning electromagnet 17. The swept proton beam is 
deflected immediately downward by the last deflective 
electromagnet 19, and then in-adiated to the patient 25 
via the energy degrader for fine adjustment 21 and the 
dose/position monitor 23. 45 
[0006] Herein, the electromagnets 1 1, 13. 15. 17, and 
19, energy degrader 21, and monitor 23 are integrated 
into one unit, thus forming an irradiation gantry. The irra- 
diation gantry can make a turn about the axis of rotation 
29 and is referred to as the rotating gantry 10. so 
[0007] The spot of the proton beam irradiated to the 
patient 25 is shifted parallel to an X-axis direction alone 
shown in Fig. 16 by means of the scanning electromag- 
net 17 and deflective electromagnet 19. Scanning the 
patierrt in a Y-axis direction which is required for a ther- 55 
apeutic procedure is achieved by moving the radiation 
table 27. Scanning the patient 25 in a depth direction (Z- 
axis direction) of the patient 25 is achieved by adjusting 



the energy of the proton beam using the energy 
degrader 21. 

[0008] The length of the rotating gantry 10 in the lon- 
gitudinal direction thereof is approximately 10 m. A 
length in the gantry where the proton beam is displaced 
away from the gantry rotation axis 29 is approximately 
2m. 

[0009] In the thus-configured conventional modality 
using a charged-partide beam, spot scanning in which 
the spot of a beam is shifted parallel to one axial direc- 
tion alone (the X-axis direction in the above example) 
can solely be realized. The patient 25 must be moved in 
the Y-axis direction by moving the table 27 during treat- 
ment. This poses a problem tfiat the movement gives 
tiie patient senses of discomfort and fear and results in 
displacement of a radiation area. 
[0010] Moreover, in the above conventional modality, 
since the spot of a beam parallel to an axis of incidence 
thereof is shifted, the scanning electromagnet 17 must 
be placed upstream of the deflective electromagnet 19. 
Accordingly the deflective electromagnet 19 for deflect- 
ing a proton beam, i.e. the charged-partide beam, 
which is swept vertically by tiie scanning electromagnet 
17, becomes large in size. As a result, the total weight 
of the treatment rotating gantry 10 becomes 100 tons or 
more. Moreover, since the deflective electromagnet 19 
is so large as to have magnetic poles of several tens 
centimeters wide, when a superconducting magnet is 
employed, there arises a problem of very high manufac- 
turing cost. 

SUMMARY OF THE INVENTION 

[0011] The present invention attempts to solve tiie 
aforesaid problems. An object of the present invention is 
to provide a charged-partide beam irradiation appara- 
tus, ctiarged-particle beam rotary irradiation system, 
and charged-partide beam irradiation metiiod realizing 
spot scanning, in which the spot of a beam parallel to an 
axis of incidence thereof is shifted two axial directions 
within a radiation area, without the necessity of moving 
a table, and employing a rotating garrtry of a compact 
and lightweight design. 

[001 2] For accomplishing the above object, according 
to the present invention, there is provided a charged- 
partide beam inadiation apparatus comprising a scan- 
ning field generating means for generating a scanning 
field composed of a pair of fields effective in bending a 
charged-partide beam by the same angle in mutually 
opposite directions, and a rotating means for rotating 
the scanning field generating means with the axis of 
incidence of the charged-partide beam as a center. 
[0013] Moreover, according to the present invention, 
there is provided a charged-partide beam irradiation 
apparatus characterized in tiiat the scanning field gen- 
erating means generates magnetic fields. 
[0014] Moreover, according to the present invention, 
tiiere is provided a charged-partide beam irradiation 
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apparatus characterized in tliat the scanning field gen- 
erating means generates electric fields. 
[0015] Moreover according to the present invention, 
there is provided a charged-particle beam rotary irradi- 
ation system comprising: a deflecting means for deflect- 
ing a charged-particle beam perpendicularly to a 
radiation plane; a charged-particle beam irradiation 
apparatus that includes a scanning field generator, 
located downstream of the deflecting means, for gener- 
ating a scanning field composed of a pair of fields effec- 
tive in bending the charged-particle beam by the same 
angle in mutually opposite directions, and a rotator for 
rotating the scanning field generator with the axis of 
Incidence of the charged-particle beam as a center, and 
that sweeps the charged-particle beam deflected by the 
deflecting means for the purpose of scan; a charged- 
particle beam energy adjusting means interposed 
between the charged-particle beam irradiation appara- 
tus and an irradiated subject; and a rotary motion 
means for rotating at least the deflecting means and 
charged-partide beam irradiation apparatus in one 
united body. 

[0016] Moreover, according to the present invention, 
the charged-particle beam falls on the deflecting means 
from the direction of the axis of rotation of the rotary 
motion means. The deflecting means includes three 
deflective electromagnets for deflecting an incident 
charged-particle beam three times by 90** with respect 
to a direction parallel to the radiation plane so that the 
charged-particle beam is perpendicular to the radiation 
plane. The irradiated subject is positioned on the axis of 
rotation of the rotary motion means. 
[0017] Moreover, according to the present invention, 
there is provided a charged-particle beam rotary inradi- 
ation system characterized in that the deflective electro- 
magnets included in the deflecting means are realized 
with superconducting electromagnets. 
[0018] Moreover, according to the present Invention, 
there is provided a charged-particle beam irradiation 
system comprising: a charged-particle l^am inadiation 
apparatus that includes a scanning field generator for 
generating a scanning field composed of a pair of fields 
effective in bending a charged-particle beam by the 
same angle in mutually opposite directions, and a rota- 
tor for rotating the scanning field generator with the axis 
of incidence of the charged-particle beam as a center, 
and that sweeps the charged-particle beam for the pur- 
pose of scan; a charged-particle beam energy adjusting 
means, interposed k^etween the charged-particle beam 
irradiation apparatus and irradiated subject, for adjust- 
ing the energy of a charged-particle beam; a dose/posi- 
tion measuring means, interposed between the 
charged-particle beam irradiation apparatus and irradi- 
ated subject, for monitoring the dose and position of an 
irradiated charged-particle beam; and a control means, 
connected to the respective means, for controlling scan. 
The control means includes: a first means for setting the 
angle of rotation and field intensity concerning the scan- 



ning field generator, and the energy of the charged-par- 
ticle beam according to a group of coordinates [Pi: i = 1 , 

2 n] (i = 1 that is an initial value) defining a radiation 

area; a second means for irradiating a charged-particle 

5 beam according to the setting; a third means for. when 
the number of deposited particles of the charged-parti- 
cle beam becomes equal to or larger than a pre-set 
number of particles or when a coordinate of a position to 
which a charged-particle beam is irradiated is inconsist- 

10 ent with a coordinate of a pre-set position, stopping the 
charged-particle beam; and a fourth means that when a 
charged-particle beam is stopped, judges whether or 
not irradiation to the whole radiation area is completed, 
that if the irradiation is not completed, increments i by 

15 one, modifies the angle of rotation and field intensity 
concerning the scanning field generator, and the energy 
of the charged-particle beam in a given order, and thus 
actuates the first to third means repeatedly, and that if 
the irradiation is completed, terminates irradiation. 

20 [0019] According to the present invention, the fourth 
means retains the angle of rotation of the scanning field 
generator at a certain value, modifies the intensity of a 
field generated by the scanning field generator and the 
energy of a charged-particle beam in given order, and 

25 thus actuates the first to third means repeatedly. 

[0020] According to the present invention, there is pro- 
vided a charged-particle beam irradiation system com- 
prising: a charged-particle beam irradiation apparatus 
that includes a scanning field generator for generating a 

30 scanning field composed of a pair of fields effective in 
bending a charged-particle beam by the same angle in 
mutually opposite directions, and a rotator for rotating 
the scanning field generator with the axis of incidence of 
the charged-particle beam as a center, and that sweeps 

35 the charged-particle beam for the purpose of scan; a 
charged-particle beam energy adjusting means, inter- 
posed between the charged-particle beam Irradiation 
apparatus and an irradiated subject, for adjusting the 
energy of a charged-particle beam; a dose/position 

40 measuring means, interposed between the charged- 
particle beam irradiation apparatus and irradiated sub- 
ject, for monitoring the does and position of an irradi- 
ated charged-particle beam; a means for stopping a 
charged-particle beam; and a control means, con- 

45 nected to the respective means, for controlling scan. 
The control means includes: a first means for setting the 
energy of a charged-particle beam to be irradiated 
according to a coordinate of a position indicating a 
depth to which a beam is in'adiated. Zi (i = 1 that is an 

50 initial value), specified in a group of coordinates [(Zi, Oij). 
i = 1, 2,..., m, j = 1, 2,- n] defining a radiation area; a 
second means for specifying the angle of rotation of the 
scanning field generator in 6 ij (j = 1 that is an initial 
value) and specifying a set defining a scan pattern that 

55 is a characteristic curve relative to time in lij(t); a third 
means for irradiating a charged-particle beam accord- 
ing to the setting and specification, driving the scanning 
field generator according to the scan pattern thaMs the 
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characteristic curve relative to time defined by lij(t). and 
thus sweeping the charged-particle beam so as to 
achieve a given numt>er of scans; a fourth means for 
judging in parallel with the scans achieved by the third 
means whether or not a coordinate of a position to 
which a charged-particle beam is irradiated is consist- 
ent with a coordinate of a pre-set position; a fifth means 
for, when the given number of scans have been can-ied 
out or when the coordinate of the position at which a 
charged-particle beam is irradiated is inconsistent with 
the coordinate of the pre-set position, stopping the 
charged-particle beam; and a sixth means that when a 
charged-particle beam is stopped, judges whether or 
not irradiation to the whole radiation area is completed, 
that if the irradiation is completed, terminates irradia- 
tion, that if the irradiation is not completed, judges 
whether or not the coordinate of the position indicating 
a depth to which a beam is irradiated, Zi. should be 
changed to the next value, that if the coordinate is not 
(Ranged, increments j by one and actuates the second 
to fifth means repeatedly, and that if the coordinate is 
changed, increments i by one. resets j to the initial value 
of 1 , and actuates the first to fifth means repeatedly. 
[0021 ] According to the present invention, there is pro- 
vided a charged-particle beam irradiation system char- 
acterized in that lij(t)ocVl is adopted as lij(t) defining the 
scan pattern that is the characteristic curve relative to 
time to be followed by the scanning field generator. 
[0022] According to the present invention, there is pro- 
vided a charged-particle beam irradiation method, in 
which a scanning field generating means for generating 
a scanning field composed of a pair of fields effective in 
bending a charged-particle beam by the same angle in 
mutually opposite directions is used to shift the spot of a 
charged-particle beam along one straight line on a 
plane perpendicular to the axis of incidence of the 
charged-particle beam, and rotated with the axis of inci- 
dence as a center in order to irradiate the charged-par- 
ticle beam to a radiation area, comprising: a first step of 
setting the angle of rotation and field intensity concern- 
ing the scanning field generating means, and the 
energy of a charged-particle beam according to a group 
of coordinates [Pi: i = 1. 2, ... n] (i = 1 that is an initial 
value) defining the radiation field; a second step of inra- 
diating a charged-particle beam according to the set- 
ting; a third step of. when the number of deposited 
particles of a charged-particle beam becomes equal to 
or larger than a pre-set number of particles or when a 
coordinate of a position to which a charged-particle 
beam is irradiated is inconsistent with a coordinate of a 
pre-set position, stopping the charged-particle beam; 
and a fourth step at which when a charged-particle 
beam is stopped, it is judged whether or not irradiation 
to the whole radiation area is completed, at which if the 
irradiation is not completed, control is returned to the 
first step, i is incremented by one. the angle of rotation 
and field intensity concerning the scanning field gener- 
ating means, and the energy of the charged-partide 
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beam are modified in a given order, and the first to third 
steps are thus repeated, and at which if the irradiation is 
completed, irradiation is terminated. 
[0023] According to the present invention, there is pro- 
5 vided a charged-particle beam irradiation method in 
which at the fourth step, the angle of rotation of the 
scanning field generating means is retained at a certain 
value, the irttensity of a field generated by the scanning 
field generating means and the energy of a charged- 
10 particle beam are modified in given order, and the first 
to third steps are thus repeated. 
[0024] According to the present invention, there is pro- 
vided a charged-particle beam irradiation method, in 
which a scanning field generating means for generating 
15 a scanning field composed of a pair of fields effective in 
bending a charged-particle beam by the same angle in 
mutually opposite directions is used to shift the spot of 
the charged-particle beam along a straight tine on a 
plane perpendicular to the axis of incidence of the 
20 charged-particle beam, and rotated with the axis of inci- 
dence as a center in order to irradiate the charged-par- 
ticle beam to a radiation area, comprising: a first step of 
setting the energy of a charged-particle beam to be irra- 
diated according to a coordinate of a position indicating 
25 a depth to which a beam is irradiated, Zi (i = 1 that is an 
initial value), specified in a group of coordinates [(Zi, eij). 

i a 1 , 2 m. j = 1. 2. .... n] defining the radiation area; 

a second step of specifying the angle of rotation of the 
scanning field generating means in eij G = 1 that is an 
30 initial value) and specifying a set defining a scan pattern 
that is a characteristic curve relative to time in lij(t): a 
third step of irradiating a charged-particle beam accord- 
ing to the setting and specification, driving the scanning 
field generating means according to the scan pattem 
35 that is the characteristic curve relative to time defined by 
lij(t). and sweeping the charged-particle beam so as to 
achieve a given number of scans; a fourth step of judg- 
ing in parallel with the third step whether or not a coor- 
dinate of a position to which a charged-particle beam is 
40 irradiated is consistent with a coordinate of a pre-set 
position; a fifth step of. when the given number of scans 
have been carried out or when the coordinate of the 
position at which a charged-particle beam is irradiated 
is inconsistent with the coordinate of the pre-set posi- 
45 tion, stopping the charged-particle beam; and a sixth 
step at which when a charged-particle beam is stopped, 
it is judged whether or not irradiation to the whole radia- 
tion area is completed, at which if the irradiation is com- 
pleted, in^adiation is terminated, at which if the 
50 irradiation is not completed, it is judged whether or not 
the coordinate of the position indicating a depth to which 
a beam be irradiated. Zi, should be changed to the next 
value, at which if the coordinate is not changed, j is 
incremented by one. and control is returned to the sec- 
55 ond step in order to repeat the second to f ifth steps, and 
at which if the coordinate is changed, i is incremented 
by one. j is reset to the initial value of 1 , and control is 
returned to the first step in order to repeat the first to fifth 
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Steps. 

[0025] According to the present invention, there is pro- 
vided a charged-partlcle beam irradiation method in 
which the scanning field generating means shifts a 
beam spot over the radius alone of the radiation area s 
during one beam spill, and lij(t)acVt is adopted as lij(t) 
defining the scan pattern that Is the characteristic curve 
relative to time. 

BRIEF DESCRIPTION OF THE DRAWINGS io 
[0026] 

Fig. 1 is a diagram showing the configuration of a 
charged-partlcle beam irradiation apparatus in 75 
accordance with one embodiment of the present 

invention; 

Fig. 2 is a sectional view of scanning electromag- 
nets shown in Fig. 1 ; 

Fig. 3 is a perspective side view of the scanning 20 
electromagnets shown in Fig. 1 ; 
Fig. 4 is a diagram showing a density distribution of 
numbers of particles observed when a charged- 
partide beam is Irradiated uniformly using a 
charged-partide beam irradiation apparatus in 2S 
accordance with the present invention; 
Fig. 5 is a diagram showing the relationship 
between a distance by which the spot of an incident 
charged-partlcle beam is shifted for the purpose of 
scan and a current flowing into electromagnets. 30 
which is established according to the present inven- 
tion; 

Fig. 6 is a diagram showing a scan pattern that is a 
characteristic curve relative to time permitting uni- 
form irradiation of a charged-particle beam accord- 3S 
ing to the present invention; 
Fig. 7 is a diagram showing a scan pattern that is a 
characteristic curve relative to time permitting uni- 
form irradiation of a charged-particle beam accord- 
ing to the present invention; 40 
Fig. 8 is a diagram showing another example of the 
structure of scanning electromagnets employed in 
a charged-particle beam irradiation apparatus in 
accordance with the present Invention; 
Fig. 9 is a diagram showing the configuration of a 45 
charged-particte beam rotary irradiation system in 
accordance with an embodiment of the present 
invention; 

Fig. 10 is a diagram showing the structure of a 
deflective electromagnet employed in the charged- so 
particle beam rotary irradiation system shown in 
Fig. 9; 

Fig. 11 is a diagram showing the structure of a 
charged-particle beam irradiation apparatus In 
accordance with another embodiment of the ss 
present invention; 

Fig. 12 is a diagram showing the configuration of 
especially a control system in a charged-particle 



beam rotary irradiation system In accordance with 
another embodiment of the present invention; 
Fig. 13 is a flowchart describing an example of 
operations performed by the control system in the 
charged-particle beam rotary irradiation system in 
accordance with the present invention; 
Fig. 14 is a flowchart describing another example of 
operations performed by the control system in the 
charged-particle beam rotary irradiation system In 
accordance with the present invention; 
Fig. 15 is a diagram showing the way of shifting the 
spot of a charged-particle beam in a radial direction 
for the purpose of scan according to the present 
invention; and 

Rg. 16 is a diagram showing the configuration of a 
charged-particle beam rotary irradiation system in 
accordance with a prior art. 

DESCRIPTION OF THE PREFERRED EMBODI- 
MENTS 

First Enrdxxliment 

[0027] Fig. 1 is a diagram showing the structure of a 
charged-particle k^am irradiation apparatus in accord- 
ance with an embodiment of the present invention. 
There are shown a charged-particle beam irradiation 
apparatus 20, an axis of incidence of a beam 30. a 
charged-particle k^eam 31 (for example, a proton beam 
or carbon-particle beam), and two scanning electro- 
magnets 33 and 35 that generate homogeneous mag- 
netic fields which are oriented in mutually opposite 
directions and whose intensities and effective lengths 
(length along the axis of incidence 30) are mutually the 
same, and that are placed with a certain space between 
them along the axis of incidence 30 of a charged-parti- 
cle beam. Reference numeral 41 denotes the width of 
the magnetic poles of the scanning electromagnets 33 
and 35. and 43 denotes a gap between magnetic poles. 
Also shown are linkage frames 45 and 47 for linking the 
electromagnets 33 and 35. 

[0028] There are shown a rotary driving gear 53 for 
rotating the charged-particle beam irradiation apparatus 
20 with an euds of rotation 37 as a center, and motors 
49a and 49b for rotating the gear 53. Also shown are an 
irradiated subject 57 and a radiation area 56. Reference 
numeral 55 denotes an example of the trajectory of a 
swept chargediDarticle beam. Fig. 2 is an A-A sectional 
view of the charged-particle beam irradiation apparatus 
shown in Fig. 1 . In Fig. 2, reference numeral 34 denotes 
the directions of magnetic fields generated by the scan- 
ning electromagnets 33 and 35. Fig, 3 is a perspective 
side view of the scanning electrodes 33 and 35 seen in 
the direction of arrow B in Rg. 1, showing swept states 
of a charged-particle beam. 

[0029] Operations will be described below. The inci- 
dent charged-particle beam 31 is first bent by a certain 
angle by the scanning electromagnet 33, and then bent 
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in an opposite direction by the same angle by the scan- 
ning electromagnet 35 of which magnetic field is ori- 
ented In the opposite direction and has the same 
intensity and effective length as the magnetic field of the 
scanning electromagnet 33. Consequently, a beam par- 5 
allel to the original charged-particle beam 31 Is irradi- 
ated. As a result, the charged-particle beam swept 
along a scan trajectory that is the sweeping trajectory 
55 Is always parallel to the Incident beam 31 . 
[0030] When the electromagnets 33 and 35 that are 10 
united by the linkage frames 45 and 47 are rotated 
about the axis of rotation 37 by a rotating means com- 
posed of the motors 49a and 49b or the like, a two- 
dimensional rad'etion area 56 is defined on the irradi- 
ated object 57. 15 
[0031] Moreover, when the intensity of the beam 31 
and the sectional shape thereof are constant, a larger 
number of particles per unit area are deposited on the 
center of the radiation area 56 through which the axis of 
rotation 37 passes than the number of particles to be 20 
deposited outside the center. A current flowing into the 
scanning electromagnets 33 and 35 is controlled so that 
a sweeping speed will be inversely proportional to a dis- 
tance by which the beam is swept away from the axis of 
incidence according to the sweeping trajectory 55. 25 
Moreover, a rotation step in units of which rotation is 
made for the purpose of scan is sufficiently reduced. 
Consequently, the uniform density distribution of num- 
bers of deposited particles shown in Fig. 4 is attained in 
the radiation area 56. 30 
[0032] Moreover, since the magnetic fields generated 
by the scanning electromagnets 33 and 35 are homoge- 
neous, the relationship between the size of a flowing 
cun-ent and a distance by which the beam 31 is swept 
away from the axis of incidence 30 is, as shown in Fig. 35 
5, a relationship of direct proportion. When a current l(t) 
flowing into the scanning electromagnets 33 and 35 is 
controlled as indicated in Fig. 6 or 7. the sweeping 
speed will be inversely proportional to the distance by 
which the beam 31 is swept away from the axis of inci- 40 
dence 30. 

[0033] In the foregoing emtxxiiment, the intensities 
and effective lengths of the magnetic fields of the scan- 
ning electromagnetic 33 and 35 are mutually the same. 
As long as the beam 31 is bent by the same angle in 45 
mutually opposite directions, the intensities and effec- 
tive lengths of the magnetic fields may be not mutually 
the same. 

[0034] Moreover, in the foregoing embodiment, since 
the charged-particle beam 31 is swept parallel to the so 
axis of incidence 30, the two electromagnets 33 and 35 
are employed. As long as a scanning field composed of 
a pair of fields effective in bending the charged-partide 
beam 31 by the same angle in mutually opposite direc- 
tions can be generated, a single electromagnet or a plu- 55 
rality of electromagnets will do. OthenA/ise, a scanning 
field generator including a permanent magnet devised 
to generate a scanning field (for example, a permanent 



magnet whose spatial location can be varied mechani- 
cally) will do. 

[0035] Fig. 8 shows an example of a scanning field 
generating means using two C-shaped scanning elec- 
tromagnets 33 and 35. As apparent from Fig. 3, the 
width 41 of the magnetic poles of the electromagnet 33 
may be smaller than that of the electromagnet 35. The 
overall weight of the irradiation apparatus 20 can be 
reduced, in the extreme, the section of the magnetic 
poles of the electromagnet 33 may be shaped like a 
sector. Furthermore, the gap 43 between the magnetic 
poles of each of the scanning electromagnets 33 and 35 
can k>e made as small as the size of the section of the 
incident charged-particle beam 31 , because it is unnec- 
essary to sweep the charged-particle beam in a direc- 
tion traversing the gap 43. 

[0036] According to this embodiment, a compact 
charged-particle beam irradiation apparatus having a 
simple structure and capable of realizing spot scanning 
in which the spot of a beam parallel to the axis of inci- 
dence thereof is shifted in two axial directions can be 
realized. 

Second Embodiment 

[0037] Fig. 9 is a diagram showing the configuration of 
a charged-particle beam rotary irradiation system in 
accordance with another embodiment of the present 
invention which Is used as a modality using a charged- 
particle beam. Components identical or equivalent to 
those of the conventional system or aforesaid embodi- 
ment will bear the same reference numerals, and the 
description of the components will be omitted. The 
charged-particle beam rotary irradiation system 101 
shown in Fig. 9 has a charged-particle beam irradiation 
apparatus 20 in accordance with the aforesaid emkxxJi- 
ment interposed between a deflective electromagnet 19 
and an energy degrader 21 . A beam 31 having not been 
swept falls on the deflective electromagnet 19. The 
deflective electromagnet 19 is therefore much smaller 
than a conventional one. Consequently, a patient 25 
that is an irradiated subject can be positioned on the 
axis of rotation 29 of a rotating gantry 10. 
[0038] Next, operations wilt be described. In the 
charged-particle beam rotary irradiation system 101, a 
charged-particle beam of high energy emanating from 
an accelerator 1 is delivered to a first-stage energy 
degrader 5 by means of a transporting electromagnet 3. 
A charged-particle beam 31 off given energy passed by 
the energy degrader 5 is bent upward from a horizontal 
direction by the first deflective electromagnet 11, and 
then returned to the horizontal direction by a deflective 
electromagnet 13. 

[0039] The charged-particle beam is converged by a 
convergent electromagnet 15. and then routed to the 
deflective electromagnet 19. As mentioned above, in 
the system 101 of this embodiment, the t>eam is not 
swept in front of the deflective electromagnet 19 but is 
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bent immediately downward by the electromagnet 19 
while retaining the thin pencil-like form. Consequently, 
both the width 22 of the magnetic poles of the deflective 
electromagnet 19 and the gap 18 between the magnetic 
poles can be reduced. Eventually the overall mass and 
weight of the rotating gantry 10 can be reduced. 
[0040] In the conventional system, the width 22 of the 
magnetic poles of the deflective electrode 19 is so large 
as to cover a charged-particle beam swept by the scan- 
ning electromagnet 17 shown in Fig. 16, and is there- 
fore several tens centimeters. 

[0041] In this embodiment, since the deflective elec- 
tromagnet 19 is small in size and can therefore be real- 
Ized readily with a superconducting magnet like the 
other deflective electromagnets 11 and 13. The rotating 
gantry 10 can therefore be designed to be more com- 
pact and lightweight. Moreover, the charged-particle 
beam 31 emanating from the deflective electromagnet 
19 is swept as described in relation to the first embodi- 
ment by the scanning electromagnets 33 and 35 so that 
the charged-particle beam will always be parallel to the 
direction of incidence. 

[0042] In this embodiment, as shown in Fig. 9. spot 
scanning in which the spot of a beam parallel to the axis 
of incidence thereof can be shifted in two axial direc- 
tions can be realized. Consequently, a radiation table 27 
on which the patient 25 lies down need not be moved. 
An effect of improving the accuracy of a position to 
which a beam is irradiated by a modality is therefore 
exerted. 

[0043] Moreover, assuming that a charged-partide 
beam is a proton beam having as high an energy level 
as 250 MeV required for treating a deep-seated tumor 
(the rigidity of a proton relative to a magnetic field Is 
2.43 Tesia per meter), when a radiation area of 20 cm in 
diameter is scanned, if the deflective electromagnet 19 
Is realized with a superconducting magnet, the size of 
the deflective electromagnet 19 can be set to about 40 
cm. and the length from one end of the charged-particle 
beam irradiation apparatus 20 including the scanning 
electromagnets 33 and 35 to the other end thereof can 
be set to about 120 cm. Consequently, the radius of the 
turning circle of the rotating gantry 10 can be restricted 
to about 2 m. 

[0044] As a result, unlike the conventional system, 
while spot scanning in which the spot of a beam parallel 
to the axis of incidence thereof is shifted two-dimension- 
ally is realized, the patient 25 can be positioned on the 
axis of rotation 29 of the rotating gantry 10. The struc- 
ture of the rotating gantry 10 can therefore be simplified 
drastically Furthermore, the weight of a modality includ- 
ing a rotating gantry and generating a proton beam of 
250 MeV can be reduced to be a half or less of the 
weight of th~ conventional system. 
[0045] In Fig. 9. the energy degrader 21 and 
dose/position monitor 23 are incorporated in the rotat- 
ing gantry 10. Alternatively, the energy degrader 21 and 
dose/jDosition monitor 23 may be installed separately 



from the rotating gantry 10. 
Third Embodiment 

5 [0046] Fig. 1 1 is a diagram showing a charged-particle 
beam irradiation apparatus in accordance with another 
embodiment of the present invention. The charged-par- 
ticle beam irradiation apparatus shown in Fig. 1 uses 
electromagnets or the like to generate magnetic fields 

10 as a scanning field. In this embodiment, the charged- 
particle beam in-adiation apparatus 20 generates elec- 
tric fields as a scanning field using two pairs of elec- 
trodes that are mutually facing with a gap between 
them. 

75 [0047] In Fig. 1 1 . there are shown electrodes 93a. 
93b, 95a, and 95b. Insulators 97 for supporting the elec- 
trodes, a box 1 02 made of a stainless steel for support- 
ing the electrodes and insulators, power supplies 99a 
and 99b, cables 103 over which a voltage is supplied to 

20 the electrodes 93a. 93b. 95a, and 95b, cable connec- 
tors 105, and a motor 49 for rotating the box 102 via a 
rotary driving gear 53 having the box mounted thereon. 
[0048] The electrodes 93a. 93b, 95a. and 95b gener- 
ate electric fields oriented In mutually opposite dlrec- 

25 tions, whereby an inadent charged-particle beam 31 is 
bent by the same angle in the mutually opposite direc- 
tions. A beam parallel to the direction of incidence 
thereof is therefore swept all the time. By rotating the 
whole box 102. spot scanning In which the spot of a 

30 beam parallel to the axis of incidence thereof is shifted 
two-dimensionally can be realized in the radiation area. 
[0049] Moreover, the charged-particle beam irradia- 
tion apparatus of this embodiment may be employed as 
the charged-particle beam Irradiation apparatus 20 

35 included in tiie charged-particle beam rotary Irradiation 
system of the second embodiment. 

Fourth Embodiment 

40 [0050] Fig. 12 ia a diagram showing the configuration 
of a control portion of a charged-particle beam rotary 
irradiation system in accordance with the present inven- 
tion. The control portion is responsible for control of. for 
example, the charged-particle beam rotary irradiation 
45 system shown in Fig. 9. A portion Involved in controlling 
scan is extracted. 

[0051] In Fig. 12, there are shown a control unit 200 
formed, for example, with a personal computer, an 
input/output (hereinafter I/O) conta^ol unit 201, a RAM 
50 202 serving as a temporary memory, a database 203 for 
storing various kinds of information including the setting 
oonditions for beam irradiation, a CPU 204 serving as a 
processor, a ROM 205 for storing a control program and 
otiiers, an interface 206 for providing interlace with 
55 another system, and a bus 207 over which the conpo- 
nents are interconnected. Connected to the control unit 
200 are a beam stopper 9, an energy degrader 21. a 
dose^osition monitor 23, a radiation table 27, motors 
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49. 49a, and 49b which are incorporated in the in^dia- 
tion apparatus 20, and a scanning field generator equiv- 
alent to electromagnets 33 and 35 or electrodes 93a. 
93b, 95a. and 95b. 

[0052] Fig. 13 is a flowchart describing a control 
sequence employed In the control unit 200. The control 
unit 200 operates according to a program P describing 
the control sequence and residing in the ROM 205. 
[0053] Referring to Figs. 9, 12, and 13. a control oper- 
ation will be described. First, a group of three-dimen- 
sional coordinates of positions [Pi: i = 1, 2, .... n] defining 
a radiation area of the patient 25, for example, [(61, ri, 
Zi), i = 1 . 2, .... n] (e indicates an angular direction, r indi- 
cates a radial direction, and Z indicates a depth direc- 
tion) in the system of cylindrical coordinates is loaded 
from a setting table created in advance to the control 
unit 200 for controlling an irradiation system via the 
interface 206 (step SI). 

[0054] Thereafter, the patient 25 is asked to lie down 
on the radiation table 27, and then immobilized and 
positioned (step S2). The step S2 may be achieved by 
positioning the movable radiation table 27 or may 
require human labor. Thereafter, the thickness of the 
energy degrader 21 is set according to a coordinate of a 
position to which a beam is irradiated. Zi (i = 1 that is an 
initial value). The angle of rotation and field intensity 
concerning the scanning electromagnets 33 and 35 are 
set according to the coordinates of the position to which 
a beam is irradiated (6i, ri) (step S3). 
[0055] Thereafter, the charged-particle beam 31 is 
irradiated (step S4), and the number of incident parti- 
cles contained in the charged-particle beam 31 and a 
position where the particles are deposited are meas- 
ured using the dose/^^osition monitor 23 (step S5). The 
coordinate of the position measured at step S5 is com- 
pared with the coordinate of the position set at step S3 
(step S6). If they are inconsistent with each other, con- 
trol is passed to step S8 of stopping the beam 31 which 
will be described later. If the result of conparison per- 
formed at step S6 reveals that the coordinate of the 
measured position is consistent with the coordinate of 
the set position, it is judged whether or not an integrated 
value of numbers of particles measured at step S5 is 
equal to or larger than a pre-set number of particles at a 
given position (step S7). If the integrated value does not 
exceed, control is returned to step S5. If the integrated 
value exceeds, the charged-particle beam 31 is stopped 
using the beam stopper 9 (step S8). 
[0056] It is then judged whether or not irradiation 
should be terminated (step S9). If irradiation is contin- 
ued, i is incremented by one, and control is returned to 
step S3. If irradiation should be terminated, it is termi- 
nated at step SIO. 

[0057] According to the foregoing procedure, steps S3 
to S9 are executed repeatedly by assigning values rang- 
ing from 1 to n to i. Thus, a given number of particles [Ni, 
i = 1 . 2 n] are deposited on all spots in the three- 
dimensional radiation area which are described as a 



14 

group of coordinates of positions [(Oi, ri, Zi), i = 1, 2...., 
n]. 

[0058] If the orders of steps SI and S2 were switched, 
the same effect would be exerted. Moreover, according 

5 to the aforesaid procedure, the rotating speed of the 
scanning electromagnets 33 and 35 is lower than a 
scanning speed dependent on a magnetic field intensity 
or a scanning speed determined by the energy 
degrader 21. When scanning a radiation area in other 

10 two directions is carried out earlier with an angle of rota- 
tion ei held constant, an overall time required for irracfla- 
tion can be shortened. 

[0059] In the above description, as a means for chang- 
ing an energy level, the thickness of the energy 

15 degrader 21 is changed. Any other means for changing 
an energy level, for example, a synchrotron particle 
accelerator may be employed. Moreover, a means for 
stopping a charged-particle beam has been described 
by taking the beam stopper 9 for instance. Any other 

20 beam stopping means (for example, stopping a particle 
accelerator) may be employed. 

[0060] Furthermore, the system of cylindrical coordi- 
nates have been adopted as an example of a system of 
coordinates used to express a group of three-dimen- 

25 sional coordinates of positions [Pi : i = 1 , 2 n] defin- 
ing a radiation area. Alternatively, any other system of 
coordinates that is a variant of the system of cylindrical 
coordinates may be adopted. In the above description, 
the in-adiation apparatus 20 including the scanning elec- 

30 tromagnets 33 and 35 is used as a means for sweeping 
a charged-particle beam. This embodiment is not lim- 
ited to the irradiation apparatus 20. Any other means for 
sweeping a charged-particle beam, for example, an irra- 
diation apparatus 20 including the scanning electrodes 

35 employed in the third embodiment will do. 

Fifth Embodiment 

[0061] Fig. 14 is a flowchart describing a control 

40 sequence enrployed in the control unit 200 shown in Fig. 
12 according to another method. Like the fourth embod- 
iment, assume that the initial energy level of the 
charged-particle beam 31 is held constant by setting the 
energy degrader 5 to a certain thickness. 

45 [0062] Referring to Figs. 9. 12, and 14, a control oper- 
ation will be described. First, a group of coordinates of 
positions [(Zt, Oij), i = 1, 2, ... m, j = 1. 2, .... n] defining a 
radiation area of the patient 25 and a set [lij(t), j » 1 , 2, 
n] defining a scan pattern that is a characteristic 

so curve relative to time are loaded from a setting table 
created in advance to the control unit 200 via the inter- 
face 206 (step SI). These coordinates of positions that 
are the coordinates of positions, Zi, indicating depths, 
tiie angles of rotation. 0 ij. at the depths, and the set, 

55 lij(t). defining the scan pattern tiiat is the characteristic 
curve relative to time concerning scan in a direction of a 
diameter or radius at the angles are used to express a 
tiiree-dimensional radiation area. 
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[0063] Thereafter, the patient 25 is asked to lie down 
on the radiation table 27. and immobilized and posi- 
tioned. This step S2 may be achieved by positioning the 
movable^ radiation table 27 or may require human labor. 
The thickness of the energy degrader 21 is set accord- 5 
ing to a coordinate of a position to which a beam Is irra- 
diated. Zi (i = 1 that is an initial value) (step S3). The 
angle of rotation of the scanning electromagnets 33 and 
35 is specified in Oij Q = 1 that is an initial value), and a 
set defining a scan pattern according to which a current 70 
is supplied to the electromagnets is specified in lij(t). 
[0064] The charged-particle beam 31 is then irradi- 
ated (step S5). A current is supplied by a given number 
of times according to the scan pattern of a current flow- 
ing into the scanning electromagnets 33 and 35 which is 75 
set at step S4. Specifically, for example, a current is 
supplied to the scanning electromagnets 33 and 35 
according to the pre-set scan pattern of a current, which 
is defined by lij(t). during scan of a radius or diameter of 
a radiation area expressed in, for example, the system 20 
of cylindrical coordinates (step SB). When the intensity 
of an incident charged-particle beam varies with the 
passage of time, the scan pattern of a current is control- 
led on the basis of a time-passing increase rate of the 
number of charged particles to be measured in real time 
by the dose/position monitor 23 at step SIC that will be 
described later. Thus, the desired distribution of num- 
bers of of particles is attained. 
[0065] When a given number of scans are completed, 
the beam 31 is stopped using the beam stopper 9 (step 
87). It is then judged whether or not irradiation should 
be terminated (step 88). If irradiation should be termi- 
nated, control Is jumped to step 812 that will be 
described later. If it is judged at step 88 that irradiation 
is continued, it is judged whether or not a coordinate of 
a position indicating the next depth. Zi, should be spec- 
ified (step 89). If the coordinate of the next position Zi is 
specified, i is incremented by one and j is reset to the 
initial value of 1 . Control is then returned to step S3. If 
the coordinate of the next position Zi is not specified, j is 
incremented by one and control is returned to step S4. 
[0066] Thus, steps S3 to 89 and steps S3 to 88 are 
repeatedly executed by assigning values ranging from 1 
to m to i and values ranging from 1 to n to j. The given 
radiation area is thus irradiated. 
[0067] The number of deposited charged particles 
and a position where the particles are deposited are 
measured by the dose/position monitor 23 during in-adi- 
ation (step 810). The coordinate of the position meas- 
ured at step S10 is compared with the coordinate of the 
position, e ij. set at step 84. If they are consistent with 
each other, control is returned to step 810. If they are 
inconsistent with each other, the charged-particle beam 
31 is stopped using the beam stopper 9 (step 88). 
[0068] Now. the scan pattern defined by lij(t) will be 
described. Fig. 15 shows an exampi of a trajectory 
along which the spot of the charged-particle beam 31 is 
shifted according to the charged-particle beam irradia- 
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tion method of this embodiment. Reference numeral 38 
denotes the spot of the charged-particle beam 31 
shifted. Fig. 1 5 is concerned with scan over the radius of 
a radiation area. Alternatively, the radiation area can be 
scanned over the diameter tiiereof. 
[0069] Moreover, according to the charged-particle 
beam irradiation method of this embodiment, when the 
number of particles of the incident charged-particle 
beam 31 per unit time and tiie shape of the beam 
remain unchanged, the scan pattern shown in Fig. 6 
(scan over a radius) or Fig. 7 (scan over a diameter) 
may be adopted as the scan pattern defined by lij(t). In 
this case, when a radiation area is scanned as shown in 
Fig. 15. the flat density distribution of numbers of parti- 
cles like the one shown in Fig. 4 can be attained. 
[0070] When lij(t) defining the scan pattern is changed 
to a set, the set proportional to a square root of a varia- 
ble t of time like the one defining the scan patter shown 
in Fig. 6 or 7. a sweeping speed at which a beam is 
swept as shown in Fig. 1 5 can be controlled so that it will 
be inversely proportional to the distance from the center 
axis of rotation. This is attributable to the fact that a cur- 
rent flowing into the electromagnets 33 and 35 and a 
distance by which a beam is swept away from the axis 
of incidence thereof have, as shown in Fig. 5. the rela- 
tionship of inverse proportion. The relationship of 
inverse proportion between the sweeping speed and tiie 
distance from the center axis of rotation leads to the flat 
density distribution of numbers of particles shown in Rg. 
4. 

[0071] Compared with when a radiation area is 
scanned over a diameter thereof, when the radiation 
area is scanned over a radius thereof in steps of an 
angle of rotation with the axis of incidence 30 shown in 
Fig. 15 as a center, the width 41 of the magnetic poles 
of the scanning electromagnets 33 and 35 shown in Rg. 
1 and the length thereof in the direction of a beam can 
be shortened. Consequently, this results in a compact 
and lightweight irradiation apparatus. 
[0072] In the above description, the irradiation appa- 
ratus 20 including the scanning electromagnets 33 and 
35 is used as a means for sweeping a charged-particle 
beam. This embodiment is not limited to the irradiation 
aiDparatus. Any other means for sweeping a charged- 
particle beam, for example, an irradiation apparatus 20 
including the scanning electrodes employed in the third 
embodiment will do. In this case, a voltage to be applied 
to the irradiation apparatus 20 is varied according to the 
scan pattern lij(t). That is to say. the scan pattern lij(t) 
indicates a voltage as a function of time. 
[0073] The usage of tiie systems and method of tfie 
embodiments is not limited to the usage as a modality 
using a charged-particle beam but can apply to a wide 
range of fiekls. in which irradiation or injection of a 
charged-particle beam is required, including a field of 
semiconductors and a field of materials. 
[0074] As described so far, according to the present 
invention, a charged-particle beam irradiation appara- 
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tus comprises a scanning field generating means for 
generating a scanning field composed of a pair of fietds 
effective in bending a charged-particle beam by the 
same angle in mutually opposite directions, and a rotat- 
ing means for rotating the scanning field generating 5 
means with the axis of incidence of the charged-partide 
beam as a center. Consequently, there is provided a 
compact charged-particle beam irradiation apparatus 
realizing spot scanning in which the spot of a beam par- 
allel the axis of Incidence thereof is shifting in two axial 10 
directions. 

[0075] Moreover, the scanning field generating means 
generates magnetic fields. Consequently, there is pro- 
vided a compact charged-particle beam irradiation 
apparatus for generating a scanning magnetic field. 75 
[0076] Moreover, the scanning field generating means 
generates electric fields. Consequently, there is pro- 
vided a compact charged-particle beam irradiation 
apparatus for generating a scanning electric field. 
[0077] Moreover, according to the present invention, a 20 
charged-partide beam rotary irradiation system com- 
prises: a deflecting means for deflecting a charged-par- 
ticle beam so that the charged-particle beam will be 
perpendicular to a radiation plane; a charged-partide 
beam irradiation apparatus that includes a scanning 25 
field generator, placed downstream of the deflecting 
means, for generating a scanning field conrposed of a 
pair of fields effective in bending the charged-partide 
beam by the same angle in mutually opposite direc- 
tions, and a rotator for rotating the scanning field gener- 30 
ator with the axis of incidence of the charged-partide 
beam as a center, and that sweeps the charged-partide 
beam deflected by the deflecting means for the purpose 
of scan; a charged-particle beam energy adjusting 
means interposed between the charged-particle beam 35 
irradiation apparatus and an irradiated subject; and a 
rotary motion means for rotating at least the deflecting 
means and charged-particle beam irradiation apparatus 
in one united body. Thus, since a compact charged-par- 
ticle beam irradiation apparatus capable of realizing 40 
spot scanning in which the spot of a beam parallel to the 
axis of incidence thereof is shifted in two axial directions 
is employed, an irradiated subject need not be moved. 
Moreover, since the charged-particle beam irradiation 
apparatus is placed downstream of a deflecting means, 45 
the deflecting means can be designed compactly. This 
results in a compact charged-particle beam rotary irra- 
diation system. 

[0078] Moreover, according to the present invention, 
in the charged-particle beam rotary irradiation system, so 
the charged-particle beam falls on the deflecting means 
from the direction of the axis of rotation of the rotary 
motion means. The deflecting means includes three 
deflective electromagnets for deflecting the Inddent 
charged-partide beam three times by 90** with respect ss 
to a direction parallel to a radiation plane so that the 
charged-particle beam will be perpendicular to the radi- 
ation plane. The irradiated subject Is positioned on the 



axis of rotation of the rotary motion means. Thus, there 
is provided a charged-partide beam rotary irradiation 
system in which the rotary motion means can be con- 
trolled readily. 

[0079] Moreover, according to the present Invention, 
in the charged-particle beam rotary irradiation system, 
the deflective electromagnets of the deflecting means 
are realized with superconducting electromagnets. 
Consequently, there Is provided a more compact 
charged-particle beam rotary irradiation system. 
[0080] Moreover, according to the present invention, a 
charged-particle beam irradiation system comprises: a 
charged-particle beam irradiation apparatus that 
includes a scanning field generator for generating a 
scanning field composed of a pair of fields effective in 
bending a charged-partide beam by the same angle in 
mutually opposite directions, and a rotator for rotating 
the scanning field generator with the axis of incidence of 
the charged-particle beam as a center: a charged-parti- 
cle beam energy adjusting means, interposed between 
the charged-particle beam irradiation apparatus and an 
irradiated subject, for adjusting the energy of a charged- 
particle beam; a dose/position measuring means, inter- 
posed between the charged-partide beam irradiation 
apparatus and irradiated subject, for monitoring the 
dose and position of an irradiated charged-particle 
beam; a means for stopping a charged-particle beam; 
and a control means, connected to tiie respective 
means, for controlling scan. The control means 
includes: a first means for setting the angle of rotation 
and field intensity concerning the scanning field gener- 
ator, and the energy of a charged-particle beam accord- 
ing to a group of coordinates [Pi : i = 1 , 2. .. .. n] (i = 1 tiiat 
is an Initial value) defining a radiation area; a second 
means for irradiating a charged-particle beam accord- 
ing to the setting; a third means for. when the number of 
deposited particles of a charged-particle beam 
becomes equal to or larger than a pre-set number of 
particles or when a coordinate of a position to which the 
charged-particle beam is irradiated is inconsistent with 
a coordinate of a pre-set position, stopping the charged- 
particle beam; and a fourth means that when a charged- 
particle beam is stopped, judges whether or not Irradia- 
tion to the whole radiation area is completed, that if the 
irradiation is not completed, increments i by one, modi- 
fies the angle of rotation and field intensity concerning 
the scanning field generator, and the energy of a 
charged-particle beam in given order, and thus actuates 
the first to third means repeatedly, and that If the irradi- 
ation is completed, terminates irradiation. Conse- 
quentiy, there is provided a charged-particle beam 
irradiation system capable of irradiating a charged-par- 
ticle beam by an accurate dose to an accurate position 
without the necessity of moving the irradiated subject. 
[0081] Moreover, according to the present invention, 
in tiie charged-particle beam irradiation system, the 
fourth means retains tiie angle of rotation of tiie scan- 
ning field generator at a certain value, the intensity of a 
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field generated by the scanning field generator and the 
energy of a charged-particle beam are modif ted in given 
order, and thus the first to third means are actuated 
repeatedly. Consequently, there is provided a charged- 
particle beam irradiation system in which the total time 
required for irradiation is shortened by reducing the fre- 
quency of adjusting the angle of rotation that varies 
slowly. 

[0082] Moreover, according to the present invention, a 
charged-particle beam irradiation system comprises: a 
charged-particle beam irradiation apparatus that 
includes a scanning field generator for generating a 
scanning field composed of a pair of fields effective in 
bending a charged-partide beam by the same angle in 
mutually opposite directions, and a rotator for rotating 
the scanning field generator with the axis of incidence of 
the charged-particle beam as a center, and that sweeps 
the charged-particle beam for the purpose of scan; a 
charged-particle beam energy adjusting means, inter- 
posed between the charged-particle beam irradiation 
apparatus and an irradiated subject, for adjusting the 
energy of a charged-particle beam; a dose/position 
measuring means, interposed between the charged- 
particle beam irradiation apparatus and irradiated sub- 
ject, for monitoring the does and position of an irradi- 
ated charged-particle beam; a means for stopping a 
charged-particle beam; and a control means, con- 
nected to the respective means, for controlling scan. 
The control means includes: a first means for setting the 
energy of a charged-particle beam to be irradiated 
according to a coordinate of a position indicating a 
depth to which a beam is irradiated, Zi (i = 1 that is an 
initial value), specified in a group of coordinates [(Zi, Oij), 

i = 1 . 2 m. j = 1 , 2. .... n] defining a radiation area; a 

second means for specifying the angle of rotation of the 
scanning field generator in Oij (j = 1 tl^^f is initial 
value) and specifying a set defining a scan pattern that 
is a characteristic curve relative to time in lij(t); a third 
means for irradiating a charged-particle beam accord- 
ing to the setting and specification, driving the scanning 
field generator according to the scan pattern that is the 
characteristic curve relative to time defined by lij(t], and 
thus shifting the spot of the charged-particle beam so as 
to achieve a given number of scans; a fourth means for 
judging in parallel with the scans achieved by the third 
means whether or not a coordinate of a position to 
which a charged-particle beam is irradiated is consist- 
ent with a coordinate of a pre-set position; a fifth means 
for, when the given number of scans have been carried 
out or when the coordinate of the position to which a 
charged-particle beam is irradiated is inconsistent with 
the coordinate of the pre-set position, stopping the 
charged-particle beam; and a sixth means that when a 
charged-particle beam is stopped, judges whether or 
not Irradiation to the whole radiation area is completed, 
that if the irradiation is completed, terminates irradia- 
tion, that if the irradiation is not completed, judges 
whether or not the coordinate of the position indicating 



a depth to which a charged-particle beam is irradiated. 
Zi, should be changed to the next value, that if the coor- 
dinate is not changed, increments j by one, and actu- 
ates the second to fifth means repeatedly, that if the 

5 coordinate is changed, increments i by one. resets j to 
the initial value 1. and actuates the first to fifth means 
repeatedly Consequently, there is provided a charged- 
particle beam irradiation system capable of irradiating a 
charged-particle beam by an accurate dose to an accu- 

10 rate position without the necessity of moving the irradi- 
ated subject. 

[0083] Moreover, according to the present Invention, 
in the charged-particle beam irradiation system, lij(t)oc>/t 
is adopted as lij(t) defining the scan pattern, that is, the 
IS characteristic curve relative to time to be followed by the 
scanning field generator. Consequently, there is pro- 
vided a charged-particle beam irradiation system capa- 
ble of irradiating a charged-particle beam more 
uniformly. 

20 [0084] Moreover, according to the present invention, a 
charged-particle beam irradiation method, in which a 
scanning field generating means for generating a scan- 
ning field composed of a pair of fields effective in bend- 
ing a charged-partide beam by the same angle in 

25 mutually opposite directions is used to sweep the 
charged-particle beam along a straight line on a plane 
perpendicular to the axis of incidence of the charged- 
particle beam for the purpose of scan, rotated with the 
axis of inddence as a center in order to irradiate the 

30 Charged-particle beam to a radiation area, comprises a 
first step of setting the angle of rotation and field inten- 
sity concerning the scanning generating means, and the 
energy of a charged-particle beam according to a group 
of coordinates [Pi : i = 1 , 2 n] (i = 1 that is an initial 

35 value) defining the radiation area; a second step of irra- 
diating a charged-particle beam according to the set- 
ting; a third step of, when the number of deposited 
particles of a charged-particle beam becomes equal to 
or larger than a pre-set number of particles or when a 

40 coordinate of a position to which a charged-particle 
beam is irradiated is inconsistent with a coordinate of a 
pre-set position, stopping the charged-particle beam; 
and a fourth step at which when a charged-partide 
beam is stopped, it is judged whether or not irradiation 

45 to the whole radiation area Is completed, at which if the 
irradiation is not completed, control is returned to the 
first step. I is incremented by one, the angle of rotation 
and field intensity concerning the scanning field gener- 
ating means, and the energy of a charged-particle 

so beam are modified in given order, and thus the first to 
third steps are repeated, and at which if the irradiation is 
completed, irradiation is terminated. Consequently, 
there is provided a charged-particle beam irradiation 
method making it possible to irradiate a charged-parti- 

55 de beam by an accurate dose to an accurate position 
without the necessity of moving an irradiated subject. 
[0085] Moreover, according to the present invention, 
in the charged-particle beam irradiation method, at the 
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fourth step, the angle of rotation off the scanning field 
generating means is retained at a certain value, the 
intensity of a field generated by the scanning field gen- 
erator and the energy of a charged-particle beam are 
modified in given order, and thus the first to third steps 5 
are repeated. Consequently, there is provided a 
charged-particle beam irradiation method effective in 
shortening the total time required for irradiation by 
reducing the frequency of adjusting the angle of rotation 
that varies slowly. 

[0086] Moreover, according to the present invention, a 
charged-particle beam irradiation method, in which a 
scanning field generating means for generating a scan- 
ning field composed of a pair of fields effective in bend- 
ing a charged-particle t^m by the same angle in 15 
mutually opposite directions is used to sweep the 
charged-particle beam along a straight line on a plane 
perpendicular to the axis of incidence of the charged- 
particle beam for the purpose of scan, and rotated with 
the axis of incidence as a center in order to in-adiate the 20 
charged-partidebeamto a radiation area, comprises: a 
first step of setting the energy of a charged-particle 
beam to be irradiated according to a coordinate of a 
position indicating a depth to which a beam is irradiated, 
2i (i = 1 that is an initial value), specified in a group of 25 
coordinates [(Zi, Oij). i = 1. 2 m. j = 1. 2 n] defin- 
ing a radiation area; a second step of specifying the 
angle of rotation of the scanning field generating means 
in 6ij 0 = 1 that is an initial value) and specifying a set. 
which defines a scan pattern that is a characteristic 
curve relative to time, in lij(t): a third step of in-adiating a 
charged-particle beam according to the setting and 
specification, driving the scanning field generating 
means according to the scan pattern tiiat is the charac- 
teristic curve relative to time defined by lij(t), and thus 
shifting the spot of the charged-particle beam so as to 
achieve a given number of scans; a fourth step of judg- 
ing in parallel with the ttiird step whether or not a coor- 
dinate of a position to which a charged-particle beam is 
irradiated is consistent with a coordinate of a pre-set 
position; a fifth step of, when the given number of scans 
has been carried out or when the coordinate of the posi- 
tion to which a charged-particle beam is irradiated is 
inconsistent with the coordinate of the pre-set position, 
stopping the charged-particle beam; and a sixth step at 
which when a charged-particle beam is stopped, it is 
judged whether or not irradiation to the whole radiation 
area is completed, at which if the irradiation is com- 
pleted, irradiation is terminated, at which if tiie in-adia- 
tion is not completed, it is judged whetiier or not the 
coordinate of the position indicating a depth to which a 
beam is inradiated. Zi. should be changed to the next 
value, at which if the coordinate should not be changed, 
j is incremented by one. and control is returned to the 
second step in order to repeat the second to fifth steps, 
and at which if the coordinate should be changed, i is 
Incremented by one, j is reset to the initial value 1 , and 
control is returned to the first step in order to repeat tiie 



first to fifth steps. Consequentiy. there is provided a 
charged-particle beam irradiation metiiod making it 
possible to irradiate a charged-particle beam by an 
accurate dose to an accurate position without the 
necessity of moving an irradiated subject. 
[0087] Moreover, according to the present invention, 
in the charged-particle beam irradiation metiiod. tiie 
scanning field generating means shifts a beam spot 
along a radius alone of a radiation area during one 
beam spill for tiie purpose of scan, and lij(t)ocVt Is 
adopted as lij(t) defining tiie scan pattern tiiat is the 
characteristic curve relative to time. Ck)nsequentiy, 
tiiere is provided a charged-particle beam irradiation 
method enabling more uniform irradiation. 

Claims 

1. A charged-particle beam irradiation apparatus, 
comprising: 

a scanning field generating means (33,35) for 
generating a scanning field composed off a pair 
of fields effective in bending a charged-particle 
beam by the same angle in mutually opposite 
directions; and 

a rotating means (49.53) for rotating the scan- 
ning field generating means with the axis off 
incidence of tiie charged-particle beam as a 
center. 

30 

2. The charged-particle beam Irradiation apparatus 
according to daim 1, wherein said scanning field 
generating means generates magnetic fields (34). 

35 3, The charged-particle beam irradiation apparatus 
according to daim 1, wherein said scanning field 
generating means generates electric fields. 

4. A charged-particle beam rotary irradiation system, 
40 comprising: 

a deflecting means (11,13,19) for deflecting a 
charged-particle beam so tiiat the charged- 
particle beam is perpendicular to a radiation 
46 plane to be radiated; 

a charged-particle beam Irradiation apparatijs 
(20) that indudes a scanning field generator, 
located downstream of said deflecting means, 
for generating a scanning field composed of a 
so pair of fields effective In bending a charged- 

particle beam by the same angle in mutually 
opposite directions, and a rotator for rotating 
said scanning field generator with the axis off 
tnddence of the charged-particle beam as a 
55 center, and tiiat sweeps the charged-particle 

beam deflected by said deflecting means for 
the purpose of scan; 

a charged-partide beam energy adjusting 
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means (21) interposed between said charged- 
particle beam irradiation apparatus and an irra- 
diated subject; and 

a rotary motion means (10) for rotating at least 
said deflecting means and charged-particle 
beam irradiation apparatus in one united body. 

5. The charged-particle beam rotary irradiation sys- 
tem according to claim 4, wherein said charged- 
particle beam falls on said deflecting means from 
the direction of the axis of rotation of said rotary 
motion means, and said deflecting means includes 
three deflective electromagnets (11,13.19) for 
deflecting an incident charged-particle beam three 
times by 90*" with respect to a direction parallel to a 
radiation plane so that the charged-partide beam 
be perpendicular to the radiation plane, and said 
irradiated subject is positioned on the axis (29) of 
rotation of said rotary motion means. 

6. The charged-particle beam rotary in-adiation sys- 
tem according to claim 5, wherein said deflective 
electromagnets (1 1 ,13,19) of said deflecting means 
are realized with superconducting electromagnets. 

7. A charged-particle beam irradiation system, com- 
prising: 

a charged-particle beam irradiation apparatus 
(20) that includes a scanning field generator for 
generating a scanning field composed of a pair 
of fields effective in bending a charged-particle 
beam by the same angle in mutually opposite 
directions, and a rotator for rotating said scan- 
ning field generator with the axis of incidence of 
the charged-particle beam as a center, and that 
sweeps the charged-partide beam for the pur- 
pose of scan; 

a charged-particle beam energy adjusting 
means (21). interposed between said charged- 
particle beam irradiation apparatus and an Irra- 
diated subject, for adjusting the energy of a 
charged-particle beam; 

a dose/position measuring means (23). inter- 
posed between said charged-partide beam 
irradiation apparatus and irradiated subject, for 
monitoring the dose and position of an irradi- 
ated charged-particle beam; 
a means (9) for stopping a charged-particle 
beam; 

a control means (200), connected to each of 
said means, for controlling the scanning based 
on one of a number of deposited particles of a 
charged-particle beam and a number of scan- 
ning being carried out 

8. The charged-particle beam iradiation system 
according to claim 7. wherein said control means 



includes: 

a first means (Fig. 13, S3) for setting the angle 
of rotation and field intensity concerning said 

5 scanning field generator, and the energy of a 

charged-particle beam according to a group of 

coordinates [Pi : i = 1 . 2 n] (i = 1 that is an 

initial value) defining a radiation area; 

a second means (S4) for irradiating a charged- 

10 particle beam according to the setting; 

a third means (S5 to S8) for, when the number 
of deposited particles of a charged-particle 
beam becomes equal to or larger than a pre- 
set number of particles or when a coordinate of 

15 a position to which a charged-particle beam is 

irradiated is inconsistent with a coordinate of a 
pre-set position, stopping the charged-particle 
beam; and 

a fourth means (S9) that when a charged-parti- 
20 cle beam is stopped, judges whether or not 

irradiation to the whole radiation area is com- 
pleted, that if the irradiation is not completed, 
increments i by one. modifies the angle of rota- 
tion and field intensity concerning said scan- 
25 ning field generator, and the energy of a 

charged-particle beam in given order, and thus 
actuates said first to third means repeatedly, 
and that if the irradiation is completed, termi- 
nates irradiation. 

30 

9. The charged-particle beam irradiation system 
according to claim 8, wherein said fourth means 
retains the angle of rotation of said scanning field 
generator at a certain value, modifies the intensity 
35 of a field generated by said scanning field generator 
and the energy of a charged-particle beam in given 
order, and thus actuates said first to third means 
repeatedly. 

40 10- The charged-particle beam irradiation system 
according to claim 7, wherein said control means 
includes: 

a first means (Fig. 14. S3) for setting the energy 
45 of a charged-particle beam to be irradiated 

according to a coordinate of a position indicat- 
ing a depth to which a beam is irradiated, Zi (i = 
1 that is an initial value), specified in a group of 

coordinates [(Zi. Oij). i = 1 . 2 m. ] = 1 , 2 

so n] defining a radiation area; 

a second means (S4) for spedfying the angle 
of rotation of said scanning field generator in Oij 
ti s 1 that is an initial value) and specifying a set 
defining a scan pattern that is a characteristic 
55 curve relative to time in lij(t); 

a third means (S5.S6) for irradiating a charged- 
particle beam according to tiie setting and 
specification, driving said scanning field gener- 
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ator according to the scan pattern that is the 
characteristic curve relative to time defined by 
lij(t). and thus sweeping a charged-partide 
beam so as to achieve a given nunriber of 
scans; 5 
a fourth means (SlO.Sl 1) forjudging in parallel 
with the scans achieved by said third means 
whether or not a coordinate of a position to 
which a charged-partide beam is irradiated is 
consistent with a coordinate of a pre-set posi- io 
ton; 

a fifth means (S7) for, when the given number 
of scans have been carried out or when the 
coordinate of the position to which a charged- 
partide beam is irradiated is inconsistent with is 
the coordinate of the pre-set position, stopping 
the charged-partide beam; and 
a sixth means (S8) that when a charged-parti- 
de beam is stopped, judges whether or not 
irradiation to the whole radiation area is com- 20 
plated, that if the irradiation is completed, ter- 
minates irradiation, that if the irradiation is not 
completed, judges whether or not the coordi- 
nate of the position indicating a depth to which 
a beam is irradiated, 2i. should be changed to 25 
the next value, that if the coordinate is not 
changed, increments j by one. and actuates the 
second to fifth means repeatedly, that if the 
coordinate is changed, increments i by one, 
resets j to the initial value 1, and actuates the 30 
first to fifth means repeatedly. 

11- The charged-partide beam irradiation system 
according to daim 10, wherein lii(t)ocVt is adopted 
as lij(t) defining the scan pattern that is the charac- 35 
teristic curve relative to time to be followed by said 
scanning field generator. 
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